Trophinin associated protein (TROAP) is a cytoplasmic protein required for spindle assembly and cell invasion; however, its biological function in cancer remains to be elucidated. In the present study, by analyzing three independent datasets from the Oncomine database, it was identified that TROAP mRNA expression was upregulated in gastric cancer (GC) tissues compared with normal counterparts. Furthermore, elevated expression of TROAP was associated with poor survival in patients with GC, as predicted using Kaplan-Meier analysis. TROAP was knocked down to verify its functional role in gastric cancer cell lines, SGC-7901 and MGC80-3. MTT assay was used to analyze cell proliferation. Cell cycle progression, and migration and invasion were determined using flow cytometry and Transwell assay, respectively.
Introduction
Gastric cancer (GC) is the third most common malignant solid cancer and a global public health concern (1,2). As in other cancers, GC is characterized by uncontrolled proliferation, extensive invasion and distant metastasis, primarily due to multiple risk factor-induced genetic alterations (3) (4) (5) . Certain developments have been achieved in the diagnosis and therapy of GC over previous decades, but the long-term prognosis of patients with GC has not markedly improved (6) . The primary reason for poor prognosis is late diagnosis at an advanced stage of the disease due to insufficient understanding of the mechanisms underlying GC (7) . Therefore, it is necessary to improve early diagnosis and develop effective treatment for GC.
Trophinin associated protein (TROAP; also termed tastin) was first described as a soluble cytoplasmic protein that forms a complex with trophinin and bystin, and participates in early embryo implantation by mediating cellular invasion and proliferation (8) (9) (10) (11) . Human TROAP is composed of 778 amino acid residues rich in proline, with a basic N terminus and an acidic C terminus. TROAP is abundant in testes, bone marrow and thymus tissues (12) . It contains five putative cyclin recognition sites that could target the mitotic kinase to appropriate substrates. A previous study has demonstrated that TROAP is essential for spindle assembly and monopolar spindle formation, which serve an important role in maintaining structural and dynamic features of centrosomes during mitosis (13) . A microarray analysis based on genomics data from the Genomics Institute of the Novartis Research Foundation database demonstrated that TROAP is upregulated in human cancer cell lines, including HeLa and Jurkat. A previous study indicated that TROAP expression is also upregulated in prostate cancer tissues (14) . The above data strongly suggest that increased TROAP expression may serve a role in GC proliferation and metastasis.
To validate this hypothesis, the expression pattern of TROAP was determined using the Oncomine database and GC cell lines. The effect of dysregulation of TROAP expression on patient overall survival was predicted using the Kaplan-Meier plotter. Furthermore, the role of TROAP in GC cell lines was investigated by analyzing cell proliferation, cell cycle distribution and invasive capability.
GraphPad Prism software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA) (15) (16) (17) (18) .
Kaplan-Meier overall survival analysis. The prognostic value of the TROAP gene in GC was analyzed using the Kaplan-Meier plotter (http://kmplot.com/analysis/). Samples have been classified as either, increased or lower expression levels compared with the median expression level of TROAP in GC tissues. Patient survival information was compared using a Kaplan-Meier survival plot. The hazard ratios with 95% confidence intervals and log rank P-values were calculated using independent sample t test. In order to reduce the false discovery rate, P<0.01 was considered to indicate a statistically significant difference.
Cell lines and culture conditions. Human GC cell lines (AGS, SGC-7901, MGC80-3 and BGC-823) and a normal gastric mucosa epithelial cell line GES-1 were obtained from the American Type Culture Collection (Manassas, VA, USA). AGS cells were cultured in F12 medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The remaining cell lines were cultured in RPMI-1640 medium (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.). All cell lines were incubated in a humidified atmosphere with 5% CO 2 at 37˚C.
Cell transfection. For the knockdown of TROAP (NCBI reference sequence NM_005480), two sequences targeting TROAP (TROAP-shRNA1: 5'-CCG GCC TCC AAC TCT GAC CTC ATA TCT CGA GAT ATG AGG TCA GAG TTG GAG GTT TTT G-3' and TROAP-shRNA2: 5'-CCG GGC CCT GTG TTT CAT TCC AGT TCT CGA GAA CTG GAA TGA AAC ACA GGG CTT TTT G-3'), and a scrambled negative control (NC) sequence (5'-TTC TCC GAA CGT GTC ACG T-3') were designed and synthesized by Sigma-Aldrich (Merck KGaA). These stem-loop-stem oligo small hairpin RNAs (shRNAs) were synthesized, annealed and ligated into a pLKO.1-TRC vector (Addgene, Inc., Cambridge, MA, USA) between the Age1 and EcoRI sites. Ligation was confirmed by DNA sequencing (Shanghai Sangong Pharmaceutical Co., Ltd., Shanghai, China). Lentiviral particles were generated by transient transfection of 293T cells (Cell Bank of Chinese Academy of Science, Shanghai, China) with TROAP-shRNA (or a scrambled sequence) plasmid (from Professor ZhangXu lab; Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing, China) at a multiplicity of infection of 45 using Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Lentivi r us pa r ticles expressing T ROA P-sh R NA1, TROAP-shRNA2 or a scrambled sequence were named shTROAP-1, shTROAP-2 and NC, respectively. At 72 h after transfection, lentiviral particles were harvested by ultracentrifugation (50,000 x g at 4˚C for 15 min). For cell transfection, SGC-7901 and MGC80-3 cell lines were seeded in 24-well plates and transfected with constructed lentiviruses containing shTROAP-1, shTROAP-2 or NC, respectively. Subsequently, knockdown efficiency of TROAP was examined by western blot analysis 4 days after transfection.
Western blot analysis. Cells were lysed using a radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) supplemented with a Protease Inhibitor Cocktail (Sigma-Aldrich; Merck KGaA) for protein extraction. Protein concentration was determined by bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). A total of 30 µg protein samples were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Western blot analysis was performed by incubation in 5% skimmed milk blocking reagent at room temperature for 1 h, followed by primary antibody against TROAP (1:1,000; cat. no. ab14531, Abcam, Cambridge, UK) and GAPDH (1:50,000; cat. no. 10494-1-AP, ProteinTech Group, Inc., Chicago, IL, USA) at 4˚C overnight. Membranes were washed with NaCl/Tris-Tween (Shanghai Sangong Pharmaceutical Co., Ltd.) and incubated with a horseradish peroxidase-conjugated secondary antibody (1:5,000; cat. no. SC-2054; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 2 h at room temperature. The blots were detected using an enhanced chemiluminescence reagent (Amersham; GE Healthcare, Chicago, IL, USA). GAPDH was used as an internal control.
Cell proliferation assay. MTT assay (Sigma-Aldrich; Merck KGaA) was used to evaluate the proliferation rate of lentivirus-shRNA infected cells according to manufacturer's protocol. Cells were seeded into 96-well plates at a density of 1x10 4 cells/well and cultured in RPMI-1640 medium supplemented with 10% FBS. Cell proliferation was determined at 24, 48 and 72 h by adding 20 µl MTT (5 mg/ml) to each well, followed by incubation for 4 h. The reaction was terminated by removal of the supernatant and addition of 100 µl dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA). The absorbance was measured at a wavelength of 490 nm using an ELISA microplate reader. Analysis of each sample was repeated three times.
Cell cycle analysis. Flow cytometry was used to analyze cell cycle in GC cells after 4 days after transfection. Briefly, cells were seeded into 6-well plates, harvested by trypsinization and fixed in ice-cold 70% ethanol overnight. Fixed cells were subsequently stained with 200 µl propidium iodide at 4˚C for 30 min. Cellular DNA content from each sample was determined using a BD FACSCaliber flow cytometer and ModFit LT software (Version 3.2; BD Biosciences, San Jose, CA, USA). Analysis of each sample was repeated three times.
Cell migration and invasion assays. Transwell assay was used to detect the migration and invasion of GC cells 96 h following transfection. For cell migration, cells (1x10 5 cells/well) in 200 µl serum-free medium were seeded in 24-well plates with an 8-mm pore membrane insert (Corning Incorporated, Corning, NY, USA) in the upper chamber. A total of 500 µl 10% FBS-containing medium was used as a chemoattractant in the lower chamber. After 24 h incubation, cells that migrated into the lower side of the membrane were stained with 0.1% crystal violet for 10 min at 37˚C. For the cell invasion assay, the procedure was similar to the cell migration assay, except that the upper chamber was pre-coated with Matrigel (Corning Incorporated). Stained cells at the bottom of the membrane were observed and counted under a fluorescent microscope (Olympus CH-2, Olympus Corporation, Tokyo, Japan). Experiments were performed three times.
Statistical analysis. All data were analyzed using SPSS software (version 18.0; SPSS, Inc., Chicago, IL, USA) and GraphPad Prism software (version 5.0) and expressed as the mean ± standard deviation of three independent experiments. The statistical difference among groups was evaluated by one-way analysis of variance or two-tailed Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

TROAP expression is upregulated in GC tissues.
Using the Oncomine database, differential mRNA expression of TROAP was determined between GC tissues and normal gastric tissues. The results demonstrated that the expression of TROAP was significantly elevated in gastric cancer (n=80; P=0.0032) compared with normal tissues (n=80) in the Cui gastric dataset (Fig. 1A) . In the Cho gastric dataset, TROAP expression was significantly increased in diffuse gastric cancer (n=31; P= 0.021), gastric cancer (n=4; P= 0.016), gastric intestinal type cancer (n=20; P=0.002) and gastric mixed cancer (n=10; P=0.006) compared with normal tissues (n=19; Fig. 1B) . Similarly, TROAP expression was significantly increased in diffuse gastric cancer (n=13; P=0.023), gastric intestinal type cancer (n=65; P=0.031) and gastric mixed cancer (n=8; P=0.012) in the Chen gastric datasets (Fig. 1C ). Data derived from the Wang gastric dataset indicated that TROAP expression was also upregulated in gastric cancer (n=15; P=0.014) compared with normal tissues (n=12; Fig. 1D ). The observations suggest that TROAP expression is dysregulated in GC.
Elevated expression of TROAP predicts poor survival
in patients with GC. Furthermore, association between TROAP mRNA expression levels and overall survival in patients with GC was assessed using the Kaplan-Meier plotter (http://kmplot.com/analysis/). Elevated levels of TROAP expression were associated with lower survival rates in patients (hazard ratio=1.89, 95% confidence interval=1.57-2.27, P=5.1x10 -12 ; Fig. 2) . The results demonstrated that TROAP may act as a prognostic oncogene for patients with GC.
Efficiency of shRNA knockdown of TROAP determined by western blot analysis. To further determine the potential oncogenic role of TROAP in GC, expression of TROAP was determined in several GC cell lines and a normal gastric cell line, GES-1. The expression level of TROAP protein was upregulated in all GC cells compared with GES-1 cells (Fig. 3A) . SGC-7901 and MGC80-3 cells demonstrated markedly elevated TROAP expression. Therefore, both of SGC-7901 and MGC80-3 cell lines were cultured and transfected with NC or shTROAP. The expression levels of TROAP protein were decreased in shTROAP groups compared with NC groups in SGC-7901 and MGC80-3 cells ( Fig. 3B and C, respectively) . Notably, shTROAP-1 produced a stronger knockdown efficiency compared with shTROAP-2 in both cells and therefore shTROAP-1 was selected for the subsequent loss-of-function assays.
TROAP knockdown suppresses cell proliferation and cell cycle progression in GC.
Proliferation rates of SGC-7901 and MGC80-3 cells transfected with shTROAP-1 were significantly reduced compared with the respective NC groups on the 72 h of the experiment (P<0.001; Fig. 4A and B) . To determine the mechanism underlying the inhibition of cell growth, cell cycle distribution was detected in SGC-7901 and MGC80-3 cells following lentiviral transfection. The number of cells in the G0/G1 phase was significantly increased, while the number of cells in the G2/M phase was decreased in SGC-7901 cells transfected with shTROAP-1 compared with the NC group (P<0.05; Fig. 4C ). Similar results were observed in MGC80-3 cells treated with shTROAP-1 (Fig. 4D) . These results indicated that the cell cycle was arrested in the G0/G1 phase following TROAP knockdown.
TROAP knockdown inhibits cell migration and invasion capacity in GC.
Transwell assay was used to detect the effect of TROAP knockdown on cell migration and invasion. The number of cells that migrated to the lower membrane in the SGC-7901/shTROAP-1 and MGC80-3/shTROAP-1 groups was decreased markedly compared with the respective NC groups (P<0.05; Fig. 5A ). In addition, TROAP knockdown significantly impaired the invasion ability of SGC-7901 and MGC80-3 cells (P<0.05; Fig. 5A ). As expected, knockdown of TROAP was associated with reduced migration and invasion abilities of GC cells.
Discussion
The role of TROAP in malignancy has attracted the interest of various research groups. TROAP, a soluble cytoplasmic protein, was reported to be overexpressed in HeLa and Jurkat cells and prostate cancer tissues, suggesting that TROAP is a tumor-associated gene (14) . In the present study, mRNA expression of TROAP was significantly upregulated in GC tissues compared with normal tissues and upregulation of TROAP was associated with lower survival rates predicted using an analysis of public online databases. In addition, the effect of TROAP on the biological behavior of GC cells was investigated. The results of the present study demonstrated that TROAP may have an oncogenic effect on GC.
Deregulated growth is a primary requirement for cancer development (19) and is closely associated with dysregulation of the cell cycle, which is composed of distinct sequential phases (G0/G1, S and G2/M) (19) (20) (21) . TROAP is a cycling protein essential for cell cycle progression and its endogenous levels are tightly controlled during mitosis. Furthermore, TROAP contains multiple potential sites for serine/threonine phosphorylation by highly active protein kinases, including cyclin-dependent kinase 1, polo-like kinase and mitogen-activated protein kinases during mitosis (20) . Consistent with the above evidence, in the present study reduced expression of TROAP by shRNA significantly suppressed cell proliferation of SGC-7901 and MGC80-3 by inhibiting G1 to S cell cycle transition. Resulting abnormal spindle assembly caused by overexpression of TROAP may in theory lead to genomic imbalances and contribute to oncogenesis (21, 22) . The above data indicate that TROAP may contribute to gastric carcinogenesis.
In addition to cell proliferation, invasion is also a key step associated with the progression of tumor cells in target microenvironments. Therefore, a Transwell migration/invasion assay was performed to investigate the role of TROAP in GC cell motility. The results of the present study indicated that reduced expression of TROAP markedly decreased the migration and invasion ability of GC cell lines (SGC-7901 and MGC80-3). Previous studies demonstrated that TROAP and two other cytoplasmic proteins, trophinin and bystin are the components of an adhesion molecule complex required for the initial attachment of an embryo to the uterus (11, 23) . Furthermore, overexpression of TROAP has been reported to promote gallbladder cancer invasion and metastasis (24) . TROAP is necessary for the cell adhesion function of trophinin as it creates sites for efficient adhesion to the cell surface (9) . TROAP act as a promoter of tumor migration and invasion during GC progression.
In conclusion, the present study provided evidence that TROAP serves a role in GC cells by promoting cell proliferation, cell cycle progression and invasion in vitro. Combined analysis of cell lines and datasets from a public database, demonstrated that TROAP overexpression may be used as a predictor of poor survival in patients with GC. The molecular mechanisms of TROAP in GC remain to be elucidated. The present study may be used for future application of TROAP-targeted therapy in preclinical and clinical studies of gastric cancer treatment.
